The 7-azaindole chromophore in water is studied by means of picosecond absorption and fluorescence spectroscopy in order to determine its nonradiative decay pathways. It is concluded that a small population of 7-azaindole molecules (-20%) undergo excited-state tautomerization in about 70 ps. Intersystem crossing and photoionization are also identified as nonradiative decay channels. Photoionization occurs largely from an electronic state lying slightly in energy above the fluorescent state. This new understanding of the photophysics of the 7-azaindole chromophore in water will be essential in interpreting its behavior when it is used as an optical probe of protein structure and dynamics.
Introduction
7-Azaindole (7AI) is an important model system for both biochemical and physical chemical processes. It has attracted notice for its ability to execute excited-state proton transfer under certain condition^,'-^ and it has been used as a probe of excited-state solvation dynamic^.^ Most recently, we have exploited it as the chromophoric moiety of the tryptophan analog, 7-azatryptophan (7AT),536 a novel optical probe of protein structure and dynamics. 7AT can be incorporated into bacterial protein, it is amenable to peptide synthesis, and its absorption and fluorescence spectra are distinguishable from those of trypt~phan.~,~ Most important for its use as a probe, however, is that the fluorescence decay for 7AT over most of the pH range, when emission is collected over the entire band, is single exponential (780 ps), whereas for tryptophan a nonexponential decay is observed. ' An intriguing characteristic of the steady-state fluorescence of 7AI is that in alcohols one observes two bands with distinct but in water, only a relatively smooth band is detected at neutral pHe5 The redder of the two bands observed in alcohols is attributed to an excited-state 'tautomer." Consequently, the bluer of the two bands is attributed to a 'normal" species. Previously we suggested that the fluorescent species in water was predominantly "tautomer-like".s To explore this idea, it is necessary to detect and to characterize the photoproducts produced * To whom correspondence should be addressed. upon light absorption by the 7AI chromophore.
Experimental Section
Time-resolved absorption measurements* were performed with a system that will be described elsewhere. Gai et al. The fast decay component displayed in Figure l a most likely arises from the absorption of the excited-state singlet of a "normal" species in water, which is depleted by tautomerization. This assignment for the rapid component in water is supported by the absence of analogous rapidly decaying or rising transients in the time-resolved fluorescence emission of 7M7AI and lM7A1, which cannot tautomerize. The temperature dependence of the shortlived component in water yields an Arrhenius activation energy of 2.7 f 1.8 kcal/mol, which is consistent with data for alcohols3d that indicate that large-amplitude solvent motion is required for tautomerization. (A 40-100-ps decay is too long to be attributed to solvation dynamics in water, which occur on a time scale of 5 1 ps.") There is no 70-ps component in the transient absorption of 7M7AI or 1M7AI. The shortest-lived component observed in absorption measurements of 7M7AI is 750 ps (Figure lb) , which agrees well with its fluorescence lifetime in water that we have measured; hence it is attributed to absorption by the excited-state singlet of 7M7AI. small extent in Figure la . If the probe wavelength is tuned farther to the red for 7AI in water, the 70-ps transient is obscured by this long-lived transient; at 450 nm the transient is no longer observable, presumably because the extinction coefficient for the long-lived species increases toward redder wavelengths. To the red of 580 nm, the 950-ps rise time is also obscured by the long-lived species. On the basis of the data displayed in Figure   IC , we attribute this species to a solvated electron, e-aq. The long-lived absorption that we detect with the white-light continuum from our picosecond absorption apparatus from 400 to 720 nm is consistent with published spectra for e-aq.12913 This assignment is strengthened by the observation that the electron scavenger,I4 KN03, transiently quenches this absorbing species. Collins suggested the possibility of photoinduced electron ejection in excited-state complexes of 7AI and s01vent.I~ We provide the first direct evidence for the production of e-aq. Because the rise time of the electron appearance is instantaneous on the time scale of our experiment, we propose that the origin of e-a is an electronic state lying slightly above the fluorescent state. ?his assignment is strengthened by our observation of two overlapping electronic states in the fluorescence-excitation anisotropy spectrum of 7AI.I6
Results and Discussion
Finally, the 950-ps rise time for the transient absorbance at 392 nm of 7AI in water agrees, within experimental error, with the 915-ps fluorescence decay of 7AI in water." There is evidence'' for triplet formation in 7A1, and we tentatively assign the (12) New York, 1970. rising absorption at 392 nm to a triplet species. Bent and Hayon observe triplet absorption for indole and tryptophan at similar wavelengths. l 3
Conclusions
Our earlier hypothesis concerning the 'tautomer-like" nature of the fluorescent species requires modification. The 70-ps decay of the excited-state absorbance of 7AI in water (Figure la) and the similar decay and rise times on the blue and red edges of the 7AI emission spectrum (Figure 2 ) indicate that at least a fraction of the 7AI in aqueous solution is capable of executing excited-state tautomerization. This suggests that the observed single exponential decay of the 7AI chromophore in water, when monitoring the entire emission band, is a fortuitous consequence of compensating the small contributions of decaying and rising lifetime components. We have also detected additional products of nonradiative decay from the 7AI excited state: the solvated electron and a species that is assigned to a triplet. In order to unravel the photophysics of 7AI and 7AT and to understand why 7AT appears to be such a well-behaved probe molecule, it will be necessary to take these nonradiative channels into account.
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